ABSTRACT In this study, we present a rare case of fatal breakthrough Candida tropicalis infection in a patient with acute lymphoblastic leukemia (ALL) while on posaconazole prophylaxis. Then, we explore the mechanisms underlying azole resistance by focusing on enhanced efflux pumps and changes in the azole target enzyme Erg11p, which was encoded by the ERG11 gene. Our study demonstrates that Y132C substitution of Erg11p combined with MDR1 overexpression may be the panazole resistance mechanisms in Candida tropicalis.
T
he incidence of and mortality rate caused by systemic fungal infection has increased steadily over the past 30 years, mainly associated with antifungal resistance (1) . As recent advances in oncology and supportive care have extended the survival of patients with hematologic malignancy, invasive fungal diseases (IFDs) are now the largest infectious challenge in these patients (2, 3) . Posaconazole is a new oral triazole with broad-spectrum antifungal activity that has been used as both antifungal prophylaxis and salvage therapy against IFDs in high-risk patients (4) . However, the breakthrough of IFDs in patients who received posaconazole prophylaxis remains a challenging problem (5) (6) (7) (8) (9) . The main mechanisms of azole resistance in Candida species are associated with enhanced efflux pumps and changes in the azole target enzyme Erg11p (10, 11) . Here, we report a rare case of fatal breakthrough Candida tropicalis infection while on posaconazole prophylaxis and explore the molecular basis for the azole resistance mechanisms.
A female patient in her early 30s was admitted to the First Affiliated Hospital of Zhejiang University with a first diagnosis of B-cell acute lymphoblastic leukemia (ALL) in August 2015. She was started on remission-induction chemotherapy on the same day (day 0) and received oral posaconazole prophylaxis (200 mg three times per day) on day 3. A consecutive episode of febrile neutropenia (day 8) was treated with empirical broad-spectrum antibiotics, but high fever with severe vomiting and diarrhea persisted. The antifungal agent was changed from posaconazole to voriconazole (200 mg every 12 h). A follow-up chest computed tomography (CT) scan (day 14) showed a large lung nodule with an air crescent sign (Fig. 1a) , which was strongly suggestive of fungal pulmonary infection. Meanwhile, pan-azole resistant Candida tropicalis was isolated from blood cultures at three different times (days 18, 28, and 30). On day 18, antifungal agents were switched to intravenous amphotericin B (AmB; MIC, 1 g/ml) at a dose of 1 mg/kg/day and combined with 5-flurocytosine (5FC; MIC, 4 g/ml) at a dose of 2.5 g every 12 h. Scattered subcutaneous abscesses spread throughout the body on day 35 (Fig. 1b) , and an abdominal enhanced CT scan showed diffused small abscesses in the liver, the upper poles of both kidneys, and the whole spleen (Fig. 1c) . Drainage fluid from subcutaneous abscesses and necrotic tissue cultures both returned pan-azole resistant Candida tropicalis with the same sensitivity tests as the isolates from blood cultures. The antifungal agent micafungin (Mic) at 150 mg per day was added at the appearance of subcutaneous abscesses. The patient gradually recovered from the subcutaneous abscesses, but high fever persisted, and a follow-up abdominal enhanced CT scan on day 105 showed aggravated multiple organ abscesses, especially in the spleen. Splenectomy was performed after multidisciplinary team consultation. Dense abscesses were found in the whole spleen, and budding cells with pseudohyphae consistent with candida infection could be seen under the microscope after an India ink stain (Fig. 1e) . Immunohistochemistry showed leukocyte common antigen (LCA) and was positive for CD3/CD43 (T cells) and negative for CD20 (B cells), while a Gömöri methenamine silver stain was positive (Fig. 1d) , all characteristic of Candida infection. On day 285, the patient had recovered and was in complete remission from ALL.
The different Candida tropicalis isolates from the patient were identified by the CHROMAgar Candida API 20C system and confirmed by large-subunit (26S) rDNA gene sequences. Susceptibility tests were performed in accordance with CLSI M27-A3 and M27-S4 guidelines, and the MICs were interpreted according to the documented CLSI breakpoints (12) . The results showed that all isolates from the patient were identical and were characterized by a high resistance to fluconazole (MIC, 256 g/ml), itraconazole (MIC, 4 g/ml), voriconazole (MIC, 16 g/ml), and posaconazole (MIC, 2 g/ml).
In order to assess the stability of azole resistance in vitro, all Candida tropicalis strains were serially cultured in drug-free medium, and then itraconazole, voriconazole, and posaconazole MICs were assayed after 20 subcultures. The results indicated that the azole resistance could not be reversed (Fig. 2a) .
Since the overexpression of multidrug efflux transporters and targeted enzyme Erg11p have been known to be involved in azole resistance in Candida albicans (10), these molecular mechanisms were explored in our study. The analysis of relative expression of resistance gene mRNA in the pan-azole resistant strains with real-time PCR showed significant overexpression of the MDR1 gene in comparison with the two susceptible strains (P Ͻ 0.001) (Fig. 2b) . However, this was not the case for the other two associated resistance genes, CDR1 (data not shown) and ERG11 (Fig. 2b) . MDR1-homologous genes have been found in different species of Candida, and the correlation between MDR1 upregulation and the fluconazole resistance phenotype has been previously demonstrated (13) . From our own and previous studies, we infer that MDR1 overexpression may be one of the azole resistance mechanisms in these pan-azole resistant Candida tropicalis strains.
Several ERG11 gene mutations have been previously described to be associated with azole resistance in Candida tropicalis (14) ; therefore, the ERG11 genes of the pan-azole resistant strains were sequenced and aligned with the online published wild-type sequences (GenBank accession no. XM_002550939.1) using MUSCLE software. Interestingly, double homozygous mutations of A395T and C461T, resulting in the substitution of Y132C and S154C in the amino acid sequence of Erg11p, were detected in all pan-azole-resistant strains.
To investigate the relationship between azole resistance and the mutations in the target enzyme, we mapped the two mutation sites in the three-dimensional model of Erg11p, of which the Y132C substitution was in the B-C loop (Fig. 3) , which localized in the mouth of the substrate access channel. The mutations in the B-C loop would decrease the affinity of Erg11p for azoles, which has been proven by previous studies to result in azole resistance (14, 15) . In addition, the S154C substitution was located at the surface of Erg11p; therefore, it is unlikely to be associated with azole resistance (Fig.  3) . Hence, the Y132C substitution in Erg11p may confer pan-azole resistance in these Candida tropicalis strains.
In summary, the breakthrough of IFDs in patients receiving posaconazole prophylaxis remains a challenging problem (16, 17) . Our study details a rare case of fatal breakthrough Candida tropicalis causing disseminated candidiasis during posaconazole prophylaxis in a patient with ALL, and we found that the mutation Y132C in Erg11p associated with MDR1 upregulation may confer pan-azole resistance in Candida tropicalis.
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FIG 3
Three-dimensional model of the Erg11p enzyme of Candida tropicalis: we first searched for the most similar structure using PDB-blast (http://www.pdb.org) and found PDB ID 5JLC to have the highest score. Therefore, we conducted homology modeling of the three-dimensional structure of Erg11p by SWISS-MODEL using 5JLC as the template. Then, the protein structures were visualized by Pymol software. The pink arrow represents the substrate access channel; navy blue, the BC loop; cyan, heme iron; red, mutation sites Y132 and S154.
